Introduction
Microfabrication techniques have been widely adapted to develop systems that generate specific spatial chemical concentrations and concentration gradient profiles in real time ͓1-6͔. Microfluidics is often considered a central technology for miniaturized systems developed for chemical, biological, and medical applications due in large part to their proven ability to increase throughput and reduce experimental cost ͓5,7-9͔. Various groups have developed microfluidic devices that generate linear ͓10-12͔ and nonlinear concentration gradients ͓13-16͔ via conventional forced fluid flow ͓17-21͔, as well as via diffusion across laminar streams ͓22,23͔, diffusion along interconnecting channels ͓15,24͔, or in combination with electroporation ͓25͔ and numerous other methods ͓26,27͔.
While researchers have increasingly begun to combine multiple design features to achieve greater gradient control ͓28-34͔, the ultimate goal is often to manufacture devices that are easy to produce, minimize convective fluid flow, and maintain controlled gradients for extended periods of time ͓3,31,35-38͔. One of the most common methods for generating steady-state gradients has been through free-diffusion of molecules between source and sink fluids separated by either a membrane or 3D gel ͓4,34,35,39͔ or geometric obstructions ͓40,41͔. These methods impede convective fluid flow, thereby enabling stable gradient formation over the life of the reagents. A comparable number of systems have achieved gradient control via microfluidic interfaces that are perpendicular to parallel flowing fluids ͓33,42͔. Systems that generate such gradients directly ͓7,32,43,44͔ or indirectly ͓18͔ are able to maintain stable gradients for extended periods of time so long as desired input flow rates remain constant ͓3,45͔.
A large drawback of many microfluidic designs is their dependence on multistage flow control and complex 3D transport phenomena in order to rapidly generate desired concentration gradients ͓46͔. In addition, most microsystems continue to rely upon costly facilities and equipment for device fabrication, sample handling, and/or operation, including 3D photolithographic layering ͓12͔, piezoelectric microactuators ͓11͔, and external power supplies ͓14,47,48͔. As a result, an additional microfluidic design goal has been to produce systems that eliminate the need for external parts while maintaining methods of generating gradients with distinctly different profiles ͓35͔. Hence, there remains a bioengineering need for user-friendly systems that maintain given microenvironments via a combination of gradients and flow control in order to examine the numerous biological phenomena that occur across long time scales and confined spatial distances ͓49,50͔.
The current study has developed a microfluidic device, called the bridged Lane system, which is a stand-alone device that operates continuously and autonomously without need of external equipment, power supplies, computerized apparatus, or clean room facilities. Instead, our system is fabricated in a conventional fume hood and sustains steady-state concentration gradients over a period of 2-3 days by exploiting the ultralow bulk velocities generated by density differences between the reagents used. In doing so, the bridged Lane can generate gradient profiles that span over five orders of magnitude over hour-long time scales that approach the microenvironments generated in vivo. In brief, the bridged Lane consists of two layers of the biocompatible material polydimethylsiloxane ͑PDMS͒. The top layer serves as a user interface to maintain consistent experimental conditions within large volume reservoirs that are fluidically connected to a closed bottom layer, where samples are transported and examined within a single microchannel. This work presents the design and fabrication of the bridged Lane system alongside experimental, numeri-cal, and mathematical validations of stable concentration gradients generated therein using fluorescently labeled Dextran as a test molecule.
Materials and Methods
2.1 Design. The bridged Lane system consists of two layers of PDMS with a closed microchannel and two fluidic reservoirs on the first layer and two larger fluidic chambers and an open bridge channel on the second or user interface layer. As shown in Fig. 1͑a͒ , the first layer contains two 9.0 l volume reservoirs called the source reservoir ͑SRR͒ and sink reservoir ͑SKR͒ connected by a single, closed microchannel, or Lane, of 13,000 m length and 95 m hydraulic diameter using D h =4A/ P ͓16͔ where A is the cross-sectional area and P is the perimeter. The system's second layer of PDMS is the user interface layer and consists of two cylindrical chambers, defined as the source chamber ͑SRC͒ and sink chamber ͑SKC͒, and a semicircular, open channel, known as the bridge channel ͑Fig. 1͑b͒͒. The SRC and SKC have 6 mm diameter and 6 mm height each ͑170 l͒ and are vertically and fluidically connected with the SRR and SKR in the first layer of the system, respectively. In addition, the SRC and SKC are connected to each other via the open bridge channel with 9 mm length and 2 mm depth. The overall system works by using the large volume chambers and bridge channel on the second layer to generate concentration gradients within the smaller volume microchannel on the first layer. Solution is manually loaded into the SRC until it has filled the SRR, microchannel, SKR, SKC, and bridge channel. Sample is then loaded into the SRC, dropwise and slowly, until the sample makes contact with the solution within the bridge channel to initiate system operation. The volume of each chamber ͑170 l͒ is designed to be much larger than the volume within each reservoir ͑9 l͒ and Lane ͑0.1 l͒ in order to facilitate manual loading via conventional pipette or syringe to initiate gradual transport into the microchannel with minimal channel entrance effects. The large ratio of chamber volume ͑170 l͒ to Lane volume ͑0.1 l͒ facilitates modeling of constant reagent concentration in the chambers during transport analysis. Further, the ratio of Lane length to diameter is substantially large ͑L / D h = 137͒ so as to enable computational modeling of one-dimensional transport within the microchannel. Lastly, the ratio of each reservoir volume ͑9 l͒ to the Lane volume 
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Transactions of the ASME ͑0.1 l͒ is also large ͑V SRR / V Lane =27͒ in order to sustain continuous transport between each reservoir and the microchannel over long experimental time scales. Without the bridge channel, the Lane channel readily facilitates transport via convection as even small differences in the liquid levels of the SRR and SKR will generate hydrostatic pressure gradients known to cause microfluidic flow ͓5,6,11͔. The advantage of the so-called bridged Lane system is that the bridge channel is used to balance solution volumes within the SRC and SKC in order to eliminate hydrostatic pressure differences between the chambers. As such, the addition of sample and/or reagent with a different density into the SRC on the second layer then provides the driving force to generate a small microfluidic flow within the Lane channel in the first layer, which facilitates transport via convective diffusion. The large differences in volume ratios between chambers, reservoirs, and channels on the first and second layers of the device provide the dual advantage of enabling the modeling of transport processes as one-dimensional in the microchannel, as well as generating fluidic processes with very different time scales for achieving steady-state transport.
2.2 Manufacturing. System fabrication was performed via three different conventional manufacturing processes: ͑i͒ fabrication of microchannel-patterned mold using proximity photolithography, ͑ii͒ fabrication of the first layer PDMS using elastomeric molding and bonding, and ͑iii͒ fabrication of the second layer PDMS using elastomeric molding.
Photolithography.
A precleaned glass substrate was coated with an adhesion promoter, Surpass 3000 ͑DisChem Inc., Ridgway, PA͒, and a 100 m thick layer of negative photoresist, SU-8 2075 ͑MicroChem Inc., Newton, MA͒, using a spin coating apparatus ͑Laurell Tech. Corp., North Wales, PA͒. The substrate was baked on a hot plate and irradiated with UV light using a laboratory-fabricated photomask containing desired microchannel patterns ͑intensity: 21,700− 8900 W / cm 2 at 2-10 in., Model B-100AP, UVP Inc., Upland, CA͒. Substrates were then rebaked, allowed to cool at room temperature 25°C, and immersed in SU-8 developer ͑MicroChem Inc., Newton, MA͒ until photoresist patterns were visible. The patterned substrate exhibited dimensions of 13.0Ϯ 0.1 mm length ͑meanϮ standard deviation ͑SD͒͒ by 100Ϯ 5 m width by 90Ϯ 1 m height as measured via surface profilometer ͑Model SJ-301, Mitutoyo America Corp., Middlesex, NJ͒ and optical microscope ͑Nikon TE2000, Morrell Instrument Co. Inc., Melville, NY͒.
Fabrication of the First Layer PDMS.
Liquid-state PDMS mixed with silicone elastomer curing agent ͑Dow Corning Corp., Midland, MI͒ was degassed and poured onto the photoresist-patterned substrate described above. After polymerization, the PDMS elastomer was peeled from the patterned substrates, resulting in open microchannels of 13.0Ϯ 0.1 mm length by 100Ϯ 5 m-width and 90Ϯ 1 m depth. Subsequently, it was punctured with 2 mm diameter pipette tips ͑Model 9 in. Pasteur pipette, Fisher Scientific Co., Agawam, MA͒ on both ends in order to generate two reservoirs with approximately 9 l volume each, defined as the SRR and SKR. The PDMS elastomer was bonded onto a precleaned glass substrate ͑unpatterned͒ by applying ozone generated via a high-frequency generator ͑Electro-Technic Products, Inc., Chicago, IL͒ onto both the PDMS and glass surfaces for 30 s each. The first layer PDMS was then generated, as shown in Fig. 1͑a͒ . Cross section uniformity of the closed microchannel itself within this first layer was verified using an optical microscope ͑Nikon TE2000͒. Since large machines, such as deep reactive-ion etching ͑DRIE͒ apparatus, were not used in the microfabrication, the cross section was semihemispherical ͓51-54͔ with a hydraulic diameter of D h =95 m as examined via optical microscope and profilometer, as shown in Fig. 1͑c͒ . This profile is of note because high aspect ratio, rectangular channels are extremely difficult to manufacture via this protocol ͓55͔.
Fabrication of the Second Layer PDMS.
For the second layer of PDMS, or user interface layer, a laboratory-made acrylic mold was manufactured via milling machine to match the larger dimensions of the SRC, SKC, and bridge. After the acrylic mold was aligned on top of the first layer PDMS, the mixed solution of liquid-state PDMS and curing agent were poured around the acrylic mold to form a 6 mm thick second layer PDMS. After the PDMS was polymerized, the acrylic mold was removed. The second layer PDMS consisted of two cylindrical chambers and a semicircular, open channel or so-called bridge channel ͑Fig. 1͑b͒͒. The two chambers, with 6 mm diameter and 6 mm height each, were defined as the SRC and SKC. The SRC and SKC were vertically and fluidically connected with the SRR and SKR, respectively, in the first layer ͑Fig. 1͑c͒͒.
The complete bridged Lane system is thus composed of an open bridge channel that connects the open SRC and SKC on the second or user interface layer, as well as a closed microchannel that connects the SRR and SKR on the first layer.
Mathematical Modeling.
Two-dimensional numerical simulations of the bridged Lane system were performed in order to model the transport within entire the microsystem, i.e., the microchannel, both the SRR and SKR in the first layer PDMS, the bridge channel, and both the SRC and SKC in the second layer PDMS. The mass transport within the entire microsystem was modeled using the 2D continuity equation ͑Eq. ͑1͒͒, convective diffusion equation ͑Eq. ͑2͒͒, momentum equation ͑Eq. ͑3͒͒, and hydrostatic equation ͑Eq. ͑4͒͒, as shown below ͓56͔,
where ͑kg/ m 3 ͒ is reagent density, u គ ͑m/s͒ is fluid velocity, y ͑m͒ is the vertical direction, x ͑m͒ is the horizontal direction, C ͑g/l͒ is solution concentration, D ͑m 2 / s͒ is the diffusion coefficient, or diffusivity, of the reagent molecule, p ͑Pa͒ is hydrodynamic pressure, and h ͑m͒ is the height of the first and second layer PDMS ͑m͒. These coupled equations were solved using finite element methods. Note that all physical boundaries of the microsystem were regarded as insulated boundaries of mass transfer and momentum transport because only trace amounts of Dextran were observed to permeate through PDMS wall boundaries during experimental time scales of up to 7 days. Transport within PDMS across 1-2 days is therefore neglected in this analysis ͓57͔. For ease of explanation, mathematical modeling will be described within four separate control regions: ͑i͒ the SRC in the second layer and the SRR in the first layer, ͑ii͒ the microchannel in the first layer, ͑iii͒ the SKR in the first layer and the SKC in the second layer, and ͑iv͒ the bridge channel in the second layer. Finite-element-analysis ͑FEA͒ software FEMLAB version 3.4 ͑Comsol Inc., Burlington, MA͒ was used to solve these four coupled equations simultaneously within the four interconnected regions described above. A fine mesh of 1504 elements was used, which confined the distance between nodes to approximately 8 m and a computational time of less than 3 min. Note that simulation results remained approximately unchanged ͑Ͻ1%͒ when finer meshes were used.
SRC to SRR.
The initial reagent concentration within the SRR was set to 0 g / ml because no sample reagent ͑only buffer or deionized water͒ was directly added into the reservoir, while the initial molecule concentration within the SRC was set to
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DECEMBER 2010, Vol. 132 / 121012-3 40 g / ml to reflect the sample reagent concentration used during experiments. The concentration within the SRC was held constant throughout simulations because the large chamber to reservoir volume ratio ͑140:1͒ maintained an approximately constant reagent concentration during experiments. As a result, the molecule concentration at the interface between the SRC and the SRR was fixed at C = 40 g / ml. The reagent concentration at the interface between the SRR and the entrance of the microchannel ͑C x=0− ͒ was modeled as equal to the reagent concentration at the interface within the microchannel ͑C x=0+ ͒, i.e., C x=0− =C x=0+ , indicative of a continuous boundary. The initial velocity entering from the SRC and within the SRR was assumed to be zero. Lastly, the boundary condition of velocity at the interface between the SRR and the microchannel was set V x͉x=0− =V x͉x=0+ , as a continuous boundary. The hydrodynamic pressures within the SRC and SRR were calculated using the hydrostatic equation ͑Eq. ͑4͒͒.
Microchannel.
The transport within the microchannel from the SRR to the SKR was modeled as one-dimensional because of the large ratio between the microchannel length and its hydraulic diameter ͑137:1͒. The initial concentration of reagent within the entire microchannel was set to C = 0 g / ml as no reagent was applied in the beginning of experiments. The boundary at the entrance of the microchannel was set as continuous boundary ͑C x=0− =C x=0+ ͒ as mentioned. Similarly, the boundary at the exit of the microchannel ͑x=L͒ was also set as a continuous boundary, i.e., C x=L− =C x=L+ , as the concentration within the SKR at the interface between the microchannel and the reservoir ͑C x=L− ͒ was regarded to be equal to the concentration within the SKR at the interface ͑C x=L+ ͒. The initial velocity within the microchannel was zero, while the boundary conditions at the entrance of the microchannel and the exit of the microchannel were regarded as continuous boundaries, i.e., V x͉x=0− =V x͉x=0+ and V x͉x=L− =V x͉x=L+ .
SKR to SKC.
The initial reagent concentration within the SKR and SKC was set to C = 0 g / ml as no reagent was added at the beginning of experiments. The concentration at the boundary between the SKC and the SKR was set to C = 0 g / ml and the boundary between the SKR and the microchannel ͑x=L͒ was regarded as a continuous boundary, i.e., C x=L− =C x=L+ . The velocity within the SKR was initially zero. The velocity at the interface between the SKC and the SKR was set to be zero, while the boundary condition of velocity at the interface between the microchannel and the SKR was set as continuous boundary, i.e., V x͉x=L− =V x͉x=L+ . The pressure in the SKR was calculated via hydrostatics.
Bridge Channel.
The initial concentrations of the SRC and the SKC were set to 40 g / ml and 0 g / ml, respectively, and maintained constant during simulations. The initial reagent concentration within the bridge channel was also 0 g / ml as no reagent was added. The concentrations at the boundaries of the interface between the SRC and the bridge channel and the interface between the SKC and the bridge channel were also set to 40 g / ml and 0 g / ml, respectively.
Experimental Measurement.
Fluorescently labeled Dextran solutions ͑Cat. No. D22910, 10 kDa, molecular probes, Eugene, OR͒ and 1.9 m diameter fluorescent beads ͑Duke Scientific, Cat. No. G0200, Palo Alto, CA͒ were added into the system in order to explicitly measure Dextran transport within the bridged Lane system. First, phosphate buffer saline ͑PBS͒ solution ͑Me-diatech Inc., Herndon, VA͒ containing the 1.9 m diameter fluorescent beads with a concentration of 10 4 beads/ ml was injected into the microchannel using a 1 ml syringe ͑Becton, Dickinson and Co., Franklin Lakes, NJ͒. These beads were used to optically measure bulk flow velocity within the reservoirs, microchannel, and chambers of the system. The PBS solution was then pipetted into the SKC and the bridge. Note that the PBS solution was added dropwise and slowly into the bridge and the SKC so as to prevent dilution of the fluorescent source. Afterward, solutions of Dextran at a concentration of 40 g / ml were added dropwise into the SRC only until it contacted the PBS solution present in the bridge. After the contact was made, solutions of fluorescent beads and solutions of Dextran were observed to migrate significantly more slowly within the microchannel from the SRR to the SKR. The systems were then placed in a fluorescent microscope for fluorescent intensity measurement. The fluorescent detection positions within the microchannel were set at 3 mm, 5 mm, 8 mm, and 11 mm away from the entrance of the microchannel.
Microscope Imaging and Fluorescent Measurement.
An inverted epimicroscope ͑Nikon TE2000͒ with a 20ϫ microscope objective ͑Nikon Plant 20ϫ, Morrell Instrument Co. Inc., Melville, NY͒ was used to image the Lane systems via a cooled charge-coupled device ͑CCD͒ camera ͑CoolSNAP EZ, Photometrics, Tucson, AZ͒ with NIKON software ͑Nikon Instrument Element 2.30 with 6D module, Morrell Instrument Co. Inc., Melville, NY͒. A shutter ͑HF204, Prior Scientific Inc., Rockland, MA͒ mounted in the Nikon TE2000 was used to control the exposure time.
An excitation light with a wavelength of 488 nm was applied onto the channel during Dextran transport so that the emitted fluorescence was collected via microscope objective. The intensity values of fluorescence collected at detection positions 5 mm, 8 mm, and 11 mm away from the SRR were plotted over time. Meanwhile, the movement of fluorescent beads within the microchannel was recorded in order to measure the mean bulk flow velocity. Experiments were repeated four times. In each repeated experiment, a new bridged Lane system was used to measure the fluorescent intensity and bulk flow velocity at different detection positions over time. The results were processed using the Student's t-test and presented in the format of averageϮ standard deviation.
Data Processing and Plotting.
The experimental data of fluorescent intensity ͑8 bit values between 0 and 256͒ as a function of time and the simulation data as a function of time were normalized to values between 0 and 1 and plotted in the same diagram using software ͑ORIGIN 7.5, Origin Lab Corp., Northampton, MA͒. Note that some dimensionless normalized experimental data slightly exceeded 1 because of experimental noise. The normalized experimental data were fitted into a curve ͑R 2 Ն 99.8%͒ using the Hill function, a category of Sigmoidal functions provided by the software, in order to better compare with the simulated data. The Hill function is given as
where V max is the asymptotic value of the experimental data, k and n are empirical constants given by the software, and x and y are axis coordinates. The residual difference, defined as the absolute difference between each individual data point from the Hillfunction fit curve and each individual data point from the simulation curves at the same corresponding time point, was analyzed using the Student's t-test in order to identify the simulation curve that was closest to the Hill-function fit curve of the experimental data. The simulation curve with the least standard deviation of residual difference ͑Ͻ2%͒ and the least average residual difference at all the data points ͑Ͻ1%͒ was considered to be characteristic of the diffusion coefficients in free solution.
Results
The bridged Lane system was designed to generate steadystate concentration gradients within microchannels via reagent concentration difference without relying upon external equipment, power, or reagent volumes. A fluorescent reagent, mathematical modeling, and numerical simulations were used to examine the
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Transactions of the ASME concentration gradients generated within the microsystem. Results compared experimentally measured values of bulk velocity, diffusivity, and concentration to those predicted mathematically and derived numerically.
Mathematical Predictions.
FEMLAB simulations generated concentration distributions within the bridged Lane system, as illustrated in Fig. 2 . As seen, SRC and SKC concentrations remained approximately constant, while significant reagent concentration distributions were seen within the SRR and SKR.
Importantly, finite element method ͑FEM͒ analysis predicted that the reagent concentration varied by two orders of magnitude along the microchannel length. The time response of Dextran via FEM analysis shown in Fig. 2͑b͒ illustrates how the reagent concentration reaches steady-state within 11 h midchannel at approximately 5 mm. Bulk flow present in the microchannel was examined via Reynolds number ͑Re͒ and Peclet number ͑Pe͒ to analyze its fluidic properties. The Reynolds number ͑Re͒ is a dimensionless Fig. 2 Simulation of Dextran transport within the bridged Lane system. "a… The SRC, SRR, microchannel, SKR, SKC, and bridge channel were modeled using finite element software. The Dextran concentration in the SRC was set to a maximum of C H = 40 ng/ ml, while the Dextran concentration in the SKC was set to a minimum of C L = 0 ng/ ml. The bulk velocity within the microchannel was measured using fluorescent beads and inputted into the Dextran transport model for numerical simulation. All boundaries of the bridged Lane system were modeled as insulated from mass transfer. Dextran transport at different positions within the microchannel, x = 5 mm, x = 8 mm, and x = 11 mm, was examined over time. One-dimensional convective diffusion equation was used to model the transport of Dextran within the microchannel, where C represents concentration, V is bulk velocity, and D is the diffusion coefficient. "b… The simulation illustrates that the Dextran concentration at a representative microchannel position of x = 5 mm increases over time and reaches steady-state in 11 h.
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where is fluid density ͑kg/ m 3 ͒, V is flow velocity ͑m/s͒, d is characteristic length ͑m͒, and is fluid viscosity ͑Pa s͒. This value was predicted to be less than 10 −3 in our model, indicative of viscous, laminar flow within the microchannel, with a bulk velocity of 0.17 m / s. The Peclet number ͑Pe͒ is a dimensional number that measures the ratio of convective bulk flow to diffusion, defined as ͓56͔
where V is fluid velocity ͑m/s͒, L is the length of channel ͑m͒, and D is the diffusion coefficient ͑m / s 2 ͒. Using the diffusion coefficient of Dextran reported in the literature to range from 0.8 ϫ 10 −6 cm 2 / s to 0.84ϫ 10 −6 cm 2 / s ͓58-62͔ and the average bulk flow velocity estimated from the mathematical models, the Pe was predicted to be between 16 and 25. Such values illustrate that bulk flow dominated the Dextran transport within the microchannel even at the low Re and velocities predicted mathematically via the Poiseuille flow model ͓16,56͔.
Figure 2 also illustrates concentration differences within the bridge channel near the SRC after 23 h. However, the volume of the bridge is over 10 4 times larger than the volume of the microchannel, such that there is no backflow as a result of microchannel transport. In addition, concentration gradients within the bridge are diffusion-dominated, and as such the bridge does not equilibrate concentrations within the SRC and SKC within experimental time scales of 5-7 days given the large chamber volumes and absence of measurable bulk flow. FEMLAB analysis indicates that reagent equilibration within the second PDMS layer requires upward of 200 h given the system volumetric dimensions.
Experimental Measurement of Transport.
Experimental measurements of the fluorescent intensity of Dextran samples and fluidic flow of fluorescent microbeads within the bridged Lane were performed in order to verify the transport parameters predicted by our model. No significant change of fluorescent intensity ͑Ͻ1%͒ was measured within the SRC and SKC, indicative of approximately constant concentrations during experiments, i.e., 40 g / ml and 0 g / ml, respectively. Transport of solutions of fluorescent Dextran and fluorescent beads was imaged within the system and observed to displace along the SRR, microchannel, and SKR with increasing fluorescent intensity by time, as shown in Figs. 3 and 4, respectively. As can be seen, Dextran fluorescence intensity was measured at different channel positions over a 20 h period and plotted to illustrate the time response within the bridged Lane system. The experimental data shown are within 9% of the response predicted via FEM simulation, indicating that a steady-state Dextran concentration is experimentally reached midchannel after approximately 12 h ͑as per Fig. 3͒ .
In addition, bulk flow within the system was examined using fluorescent beads with and without the use of the bridge channel. As shown in Fig. 4 , beads were seen to migrate with different velocities in the microsystem with and without the bridge channel. An average bulk velocity of V avg = 92.3Ϯ 1.4 m / s was measured within the Lane system in the absence of the bridge channel ͑n=12͒, but an average velocity of V avg = 0.37Ϯ 0.11 m / s was measured within the bridged Lane system ͑n=16͒. In addition, no bulk flow was measured within the bridge channel when beads were used, confirming that Dextran transport within the bridge was diffusion-dominated and did not significantly affect the transport of Dextran within the microchannel nor alter concentrations of the large volume SRC and SKC over experimental time scales.
As a validation experiment, the diffusion coefficient of Dextran was measured using the bridged Lane system by comparing the transport imaged at four different detection positions within the microchannel, x = 3 mm, x = 5 mm, x = 8 mm, and x = 11 mm. The fluorescent intensity of Dextran measured experimentally over 96 h at these four specific detection positions was normalized and shown in Fig. 5 . In addition, normalized FEM computermodeled predictions of Dextran concentration at the corresponding detection positions were computed and plotted alongside the experimental data in this figure. In the simulations, numerical predictions utilized Dextran diffusivity values between D = 1.0 ϫ 10 −6 cm 2 / s and D = 0.7ϫ 10 −6 cm 2 / s and a measured bulk velocity of V x = 0.37 m / s for a wide range of examinations. Computer-generated predictions from our numerical model were within 6% of each experimentally measured intensity. Using these corroborating results, we illustrate that Dextran transport within the bridged Lane system occurred with a diffusivity of ͑0.82Ϯ 0.01͒ ϫ 10 −6 cm 2 / s. This value is in line with the measured diffusivity of Dextran in vitro and in vivo reported to be between 0.80ϫ 10 −6 cm 2 / s and 0.84ϫ 10 −6 cm 2 / s ͓58-62͔. Using the bridged Lane-derived diffusivity of Dextran and the average bulk velocity, the time to reach steady-state for the entire microchannel length of L = 13 mm was computed to be 40 h. In addition, the concentration gradient profile G within the system microchannel at steady-state spanned five orders of magnitude with minimal, shallow gradients of G = 10 −3 ng / ͑ml mm͒ near the SRR and larger, highly nonlinear gradients of G =10 1 ng / ͑ml mm͒ near the SKR.
Discussion
The ability to produce mathematically validated chemical concentrations and concentration gradients is essential for the study of micro-and nanoscale transport within microfluidic devices. The bridged Lane system generates spatially distributed concentration gradients within microenvironments over time by exploiting the density difference between the reagents used. Although these differences are minimal, they are the driving forces that generate pressure differences between the SRR and SKR to result in bulk flow along the connecting microchannel. Importantly, the bridge channel was incorporated into the system in order to diminish bulk flow in the microchannel to ultralow levels that enabled autonomous operation for several days without need of replenished reagent volumes, external pumps, or power supplies.
The bridged Lane system utilizes ultralow bulk flow as an advantage as convective transport rapidly decreases the time required for reagent concentration to reach steady-state along the microchannel length. In the absence of the second layer PDMS for hydrostatic balance, for example, experiments illustrated that a submicroliter volume difference generated bulk flows within the microchannel on the order of 92.3 m / s, which would rapidly deplete the system within 1 h. In the absence of bulk flow, however, Dextran transport via diffusion alone ͑using the average of cited Dextran diffusivities, 0.82ϫ 10 −6 cm 2 / s͒ would require over 470 h to reach a steady-state gradient within a 13 mm long microchannel instead of the 40 h reported here. These minute bulk flows helped generate concentration gradients that spanned five orders of magnitude within the same experimental device. Larger bulk flows would have generated smaller differences in concentration gradients, perhaps requiring multiple systems to examine a range of gradients, as well as required additional reagent volumes and/or pumping per experiment.
Lastly, while other devices rely upon machined parts and complex 3D assembly, our system accomplishes microfluidic transport via inexpensive PDMS layering to accent the device's ease of use.
Fabrication does not require clean room facilities with conventional, but costly, equipment such as reactive-ion etchers, contact aligners, or UV steppers. Instead, microfabrication was performed within a fume hood using routine laboratory equipment such as table top stands, ovens, and hand-machined plastic carriers made to fit bench top mechanical dimensions. This large benefit eases the adaptability of the bridged Lane to laboratories that are not microfluidics-based for use with a variety of samples and applications that range from examining particle distributions in environmental ͓63͔ to the study of cell ͓64͔ and bacterial chemotaxis ͓65͔. In summary, we have developed the bridged Lane system to achieve autonomous and defined chemical transport within microenvironments using inexpensive fabrication and straightforward operation protocols. The bridged Lane system is a novel and user-friendly platform with which to generate and examine the effects of reagent concentration gradients in a multitude of scientific and engineering studies.
